The taxonomy and dental evolution of cotton rats, genus Sigmodon, from Pliocene and Pleistocene deposits in the Meade Basin of southwestern Kansas are examined. Prosigmodon is here subsumed under Sigmodon. Morphological and multivariate statistical analyses identify 3 Sigmodon lineages and 5 immigration events in the Meade Basin. The 1st immigration event occurred during the early Blancan and the latest during the Holocene. The analyses of dental characters indicate directional trends in almost all features, representing both size and shape. A comparison of information from the cotton rat fossil record with a recent molecular phylogeny suggests the molecular phylogeny has set the origin of modern cotton rat groups too early. North American species groups probably do not predate the late Pliocene.
One species of cotton rat, Sigmodon hispidus, is currently found in southwestern Kansas. It exists along a climatic tension zone, and the northward dispersal of S. hispidus appears to be limited by winter temperature extremes (Slade et al. 1984) . Biologists have documented an oscillating population dynamic between S. hispidus and the prairie vole (Microtus ochrogaster- Slade et al. 1984) . Because prairie voles reproduce under the snow and cotton rats do not, and because prairie voles appear to be more tolerant of low temperatures, when winters are harsh, prairie voles may expand their range at the expense of cotton rats. The reverse is true when conditions are warmer, because cotton rats are larger and more aggressive than prairie voles. What is the history of this dynamic? Is it a relatively recent development, an example of competition in action, or has this interaction been in place so long, perhaps for hundreds of thousands or millions of years, such that we are viewing an evolutionary rhythm allowing both species, basically ecological equivalents, to coexist at the borders of their ranges? The answer to this question requires information from the fossil record.
Beginning in the 1930s and lasting until his death in 1973, Claude W. Hibbard and his students at the University of Michigan worked with a set of late Tertiary and Quaternary small-mammal localities in the Meade Basin, a highly fossiliferous area of about 45 km 2 in southwestern Kansas. The vertebrate faunas recovered from these sites, often mostly composed of rodents, formed the initial basis of our understanding of mammalian evolution and turnover in the Great Plains of North America. The Meade Basin local faunas range in age from more than 5.0 million years ago (mya) through the latest Pleistocene (e.g., Boyd local fauna [l.f.], 10,790 years ago -Miller 1975) . In an effort to develop a dense smallmammal database for this time period, R. Martin, J. Honey, and P. Peláez-Campomanes began the Meade Basin Rodent Project in 1996. This ongoing project includes rediscovery and collecting from Hibbard's original localities, prospecting for new sites, systematic revisions, and remapping of Meade Basin geology. To this point we have identified more than 60 new collecting sites, some of which represent new chronological intervals (Martin et al. , 2002b . Preliminary paleomagnetic stratigraphy was published earlier (Lindsay et al. 1975) , and a refinement of this work is currently in progress by B. Albright and E. Lindsay. Two synonymies have been published (Martin 2000; Martin et al. 2003) and others are expected. Martin and Fairbanks (1999) examined community dynamics of the Meade Basin rodents, based only on material collected by Hibbard and his students. They found that rodent species turned over in a stochastically constant manner, but species richness remained fairly stable. However, continued collecting will refine the Meade Basin rodent database considerably, and lead eventually to a repeat of this study. This treatment represents one of a number of planned systematic revisions of Meade Basin rodent taxa. Martin (1979) reviewed the fossil history of North American cotton rats, but no further synthesis has been attempted since that time. As of the date of Martin's publication, the earliest record of cotton rats in the Meade Basin was Sigmodon minor (¼ S. medius) from the Rexroad 3 l.f., then believed to lie below the Bender l.f. (Zakrzewski 1975) . The quarry that produced this local fauna was deposited in the Gauss normal paleomagnetic interval (Lindsay et al. 1975; Lundelius et al. 1987) . The last record (highest stratigraphic datum) of S. minor is from the Borchers l.f. (Hibbard 1941) . Sigmodon curtisi was later reported from the Aries A l.f. (Izett and Honey 1995; Martin et al. 2003) , an early Irvingtonian fauna located just below the Cerro Toledo B ash, dated at 1.23-1.47 mya (Izett and Honey 1995) . No Rancholabrean (late Pleistocene) cotton rats are known from the Meade Basin, although S. hispidus was recorded from the Sandahl l.f., a late Pleistocene fauna from central Kansas (Semken 1966) .
In the ''Systematic Paleontology'' section of this report we discuss our reasons for synonymizing Prosigmodon (Jacobs and Lindsay 1981) with Sigmodon. We then provide a description of the Meade Basin cotton rat dental samples and extend the record of cotton rats in the Meade Basin to the early Blancan from the Argonaut and Fallen Angel B l.f.s, located near Saw Rock Canyon, Seward County. We also report the 1st occurrence of a larger primitive species, Sigmodon holocuspis (Czaplewski 1987) , from the Keefe Canyon and superposed Raptor 1C l.f.s. This descriptive information is followed by a statistical analysis of dental size and structures that documents, among other results, phyletic change in the S. minor lineage. We conclude with a summary of cotton rat dispersal patterns in the Meade Basin and speculate on the emergence of modern cotton rat species groups based on a comparison of information from the fossil record with recent research by Peppers et al. (2002) on the cytochrome-b gene in Sigmodon.
MATERIALS AND METHODS
Cotton rat specimens are cataloged with numbers for Sternberg Museum, Fort Hays State University (FHSM VP). Individual specimen numbers and measurements are available on request. Summary statistics are provided in the appendices.
Stratigraphic setting and chronology.-The primary evidence for the temporal ordination of the microevolutionary changes and turnover patterns reported here comes from our stratigraphic work in the Meade Basin. This is essential in order to avoid circular reasoning, which is common in the paleontological literature where evolution from one character state to another is sometimes assumed and isolated fossil localities are arranged chronologically based on this interpretation. To the extent that mosaic evolution dominates in the evolution of morphology, we can expect primitive and advanced character states to at least occasionally exist simultaneously within isolated populations of the same species (Barnosky 1993; Martin 1993) .
It has been our practice since we began fieldwork in the Meade Basin in the mid-1990s to give each quarry a separate name, and thus with regard to our work a local fauna also is usually equal to a quarry, or locality (Fig. 1) . This also includes any faunal names we use from Hibbard's original work. Thus, there is no ''Rexroad fauna,'' but there is a Rexroad Locality (Loc.) 3 l.f., and we also recognize Hibbard's Rexroad 2 and 2A l.f.s (Hibbard 1938; Martin et al. 2002b) . If more than 1 lithologic unit is recognized in a single outcrop, we often designate these horizons by letters. Four levels, A-D, currently are recognized at Rexroad Loc. 3. Based on preservation of the material in the Museum of Paleontology at the University of Michigan, we conclude that Hibbard's collection of cotton rats from Rexroad 3 was excavated exclusively from the lowest unit of the outcrop, which we identify as Rexroad Loc. 3A. Some cotton rat material we recently collected that is included in this study comes from the B level (Rexroad 3B). Hibbard (1938) may have used his letter designations differently, because he labeled material collected from 2 nearby quarries as Rexroad 2 and 2A, before a stratigraphic relationship was determined between them. Although closely related in time, because of differences in species composition, we maintain the 2 collections as distinct local faunas. Published local faunas from other basins (e.g., Yepómera and Verde) may range over considerable time and geography and are, therefore, not taphonomically equivalent to our samples.
Field work in the Meade Basin over the past few years has demonstrated that the geology of the region is considerably more complex than was assumed by Hibbard and other investigators (e.g. Hibbard 1956; Honey et al. 2003; Martin et al. 2002b; Woodburne 1961) . Because the stratigraphy of this region is under revision, we prefer not to use the previously applied nomenclature. Consequently, under the stratigraphic location information for our fossil samples, we provide basic geographic and stratigraphic data but refrain from using formation names. Fig. 1 presents our current chronological hypothesis for the Meade Basin local faunas. We have collected specimens from all sediment horizons producing these faunas except those corresponding to the Sanders l.f., where scientists are not currently allowed access. In addition to 3 dated ashes, a variety of regional gravels and caliche ledges can be used as marker units. Some recent detailed stratigraphic information has been published Izett and Honey 1995; Martin et al. 2000 Martin et al. , 2002b Martin et al. , 2003 , and additional studies are in progress.
The quarry from which the Fallen Angel B l.f. was recovered is in a small canyon approximately 0.15 km from Saw Rock Canyon. The lithologic unit that produced the Fallen Angel B l.f. has been recognized in Saw Rock Canyon. In both canyons, the unit lies directly under a consolidated gravel (the informally named ''Bishop'' gravel) at the canyon rim. The sources of Hibbard's classic Saw Rock Canyon l.f. have not been found, and it is apparent that he and his associates collected fossils in Saw Rock Canyon from a number of sites (Hibbard 1964) . Fortunately, all of the small rodents collected by Hibbard apparently came from a single mollusk-rich lens, quite likely a single quarry, near the base of the canyon (Hibbard 1964 ). Although we have not found this site, another locality producing similar fossils has been discovered at approximately the same position. We have labeled this fossil assemblage the Saw Rock Canyon 1 (SRC 1) l.f. Hibbard's original assemblage of small mammals is treated as the Saw Rock Canyon (SRC) l.f. The Argonaut l.f. was excavated from a quarry in a small ravine called Elvira Gulch near the base of Moller Canyon, about 0.75 km west of Saw Rock Canyon. Field measurements, to be presented elsewhere, show that Argonaut is stratigraphically higher than SRC 1 and lower than Fallen Angel B. No Sigmodon have been recovered from the SRC or SRC 1 l.f.s, and presently we consider the Argonaut record to represent the lowest stratigraphic datum for this genus in the Meade Basin.
We have based the approximate dates for fossil localities in the Meade Basin below the Huckleberry Ridge Ash on a combination of paleomagnetic data (Lindsay et al. 1975 ) and biochronological considerations Martin et al. 2000 Martin et al. , 2002a Martin et al. , 2002b Martin et al. , 2003 . Further refinement comes from results of this study, as explained in the ''Discussion'' section. Nevertheless, age allocations in Fig. 1 for local faunas below Borchers must be considered tentative. The SRC and SRC 1 l.f.s were likely deposited near the HemphillianBlancan boundary during the earliest Blancan, about 4.8 mya. This date is based on the definition of the Hemphillian-Blancan boundary at about 4.8 mya, corresponding to the lowest stratigraphic datum in North America for an arvicoline with a primitive Ogmodontomys-like dental morphology (Lindsay et al. 2002) . Fox Canyon sediments are reversely magnetized, and likely fall in the Gilbert chron (Lindsay et al. 1975) . Lindsay et al. (1975) also reported that the Bender, Rexroad Loc. 3, and Sanders l.f.s were deposited in normally magnetized sediments, and we assume for now that this implies the Gauss chron. Borchers sediments are magnetically reversed, and this is consistent with the age of the Huckleberry Ridge ash at 2.10 mya and the Matuyama chron. An evaluation of the Meade Basin arvicoline rodents in the context of North American and Beringian evolution and dispersal also was helpful (Martin 2003; Martin et al. 2002a Martin et al. , 2003 . This chronological framework, although certainly a ''work in progress,'' still allows for a fairly refined understanding of dispersal and evolutionary trends of Sigmodon in the Meade Basin.
Analytical methods.-Dental terminology (Fig. 2) is modified from Tomida (1987) . Uppercase letters indicate upper molars and lowercase letters indicate lower molars. Left and right are indicated by uppercase L and R (L also equals length when measurements are given).
Measurements are greatest lengths and widths taken from occlusal view. All measurements were made with an American Optical (New York, NY) filar micrometer eyepiece, calibrated with a 2.0-mm American Optical slide. Average lengths and widths in samples of S. minor were examined with Levine's test for homoscedasticity before analysis of variance (ANOVA), then followed by Hochberg's GT2 post hoc test, because it is more adequate for comparisons among samples of different size than other more extended tests (Hochberg 1974 ). An alpha level of 0.05 was assumed.
Examination of cotton rat molars led to a set of characters for study. The criteria used for this choice were that the characters had to demonstrate 2 or more states that could be tallied effectively, and they had to vary through time. The characters and their states are given below. Characters listed for a cheek row series (e.g., m1-m2-m3) were tallied separately for each tooth. Morphology values were calculated (Freudenthal and Daams 1988) for traits that have more than 2 character states. A morphology value is assigned to each specimen for each structure on the basis of its character states (e.g., for the anteroconid of m1: distinctly bilobed ¼ 1, crescent-shaped with cuspids ¼ 2, and crescent-shaped with enamel atoll ¼ 3). The sum of the values (per trait, per assemblage) is divided by the number of observations to calculate the morphology value average. If the studied character is deemed to have evolutionary meaning, morphology values are interpreted as the degree of evolution of the specified character in each assemblage. The values for the character states have been chosen in such a way that temporal increase of morphology values indicates a more derived evolutionary state of cotton rat molars in the assemblages with respect to the trait concerned.
To compare the morphology among different specimens and assemblages, we performed principal components analysis (PCA), in which we used as variables the morphology values of each character. With this procedure we reduced the set of variables to a single variable that represents most of the observed variation. PCAs were generated for each of the molars, using as cases the individual specimen morphology values and the calculated averages for each of the assemblages. Because the morphology values have an evolutionary meaning, with this procedure the specimens and assemblages were graphically portrayed in evolutionary order. In addition, this technique allowed us to observe the relationship between size and morphology with a simple scatter plot. Statistical calculations were made SPSS 11.0 (SPSS, Inc. 2001) .
In this treatment, a species is a lineage, and no matter how much change occurs in the lineage, only 1 species is recognized. If a lineage displays significant change, it may be broken into 2 or more informal units, known as chronomorphs (Martin 1993 (Martin , 1996 , to be used either as biostratigraphic markers or to identify particularly interesting or unusual evolutionary modifications. A trinomial form is used for this representation, as in Sigmodon minor /minor.
SYSTEMATIC PALEONTOLOGY
Taxonomy of Prosigmodon.-Prosigmodon was named by Jacobs and Lindsay (1981) based on primitive sigmodontine material recovered from the late Hemphillian and early Blancan Yepómera and Concha l.f.s in northern Mexico. Prosigmodon oroscoi was named in the 1981 paper, and another species, P. chihuahuaensis, was diagnosed later (Lindsay and Jacobs 1985) . The new genus was differentiated from Sigmodon by 1) bilobed anterocone(id) on M1 and m1, and 2) a relatively primitive M3 that is not as lophate as in other known Sigmodon. Czaplewski (1987) added a new species, P. holocuspis, from the early Blancan Verde l.f. of Arizona, but he removed character 1) of the generic diagnosis because P. holocuspis lacked the bilobed anteroconid on m1. Jacobs and Lindsay (1981) suggested that the lingual connection of the anterocone and protocone on M1 in Prosigmodon precludes it from ancestry to Sigmodon, but there is considerable variation in this character state, which in any case tends to be a less-derived condition than one that is more central or buccal in position. A paratype juvenile M1 of P. chihuahuaensis figured by Lindsay and Jacobs (1985:plate 3 , figure h) certainly shows a more buccal connection, and a lingual one may be present as well. A worn M1 of P. chihuahuaensis on the same plate (Lindsay and Jacobs 1985 :plate 3, figure k) has a strong central connection. We have examined casts of the molars of the 3 described species of Prosigmodon, and combined with the descriptions published by Jacobs and Lindsay (1981) and Czaplewski (1987) we conclude that they display the defining synapomorphies of Sigmodon, including definite lophodonty and incipient hypsodonty (see further discussion below). We agree with these authors that S. oroscoi, S. chihuahuaensis, and S. holocuspis demonstrate some primitive characters for the genus, and these will be considered in detail below.
Cotton rats of the Meade Basin.-The earliest cotton rats, from Argonaut and Fallen Angel B, are treated 1st, followed by all populations in the Pliocene S. minor chronomorphocline and the Raptor 1C and Keefe Canyon early Blancan S. holocuspis. Finally, we consider the relatively meager Pleistocene remains of S. curtisi. Although we have no Rancholabrean S. hispidus, we briefly list distinguishing dental features of this species, because it is extant in the Meade Basin. Measurements from the Meade Basin samples are presented in Appendix I.
The Earliest Cotton Rats
Sigmodon sp.
Local fauna and age.-Argonaut; early Blancan. Stratigraphic position.-Below a widespread consolidated gravel (informally known as the ''Bishop'' gravel), at base of Moller Canyon in Elvira Gulch, slightly higher than SRC and SRC 1 and lower than Fallen Angel B.
Description.-Only 1 molar, a broken m2 (FHSM VP 15286), has been recovered from Argonaut. This molar, from an adult with moderate wear, is relatively brachydont and decidedly primitive in its pattern as compared with S. minor from Ripley B and later sites. Reentrant folds are relatively wide, and the hypoflexid runs less than halfway across the tooth. The entolophid is transverse and is not aligned with the anterior arm of the protoconid. Roots are not preserved and the area of the anterior cingulum is missing.
Sigmodon sp. (Fig. 3) Local fauna and age.-Fallen Angel B; early Blancan. Stratigraphic position.-At rim of Saw Rock Canyon, above Hibbard's classic Saw Rock Canyon quarries and our Saw Rock 1 quarry . Located directly below a widespread consolidated gravel (informally known as the ''Bishop'' gravel).
Description.-Because there are only 3 diagnostic molars from Fallen Angel B, we describe these in detail. For other Sigmodon taxa, we provide a summary of dental variation that applies to samples from all local faunas associated with those taxa.
m1.-The central area of the anteroconid in specimen FHSM VP 15451, a left m1, is eroded and, therefore, we cannot determine the nature and position of the connection of the anterolophulid with the anteroconid. A buccal cingulum runs from the anteroconid to the base of the protoconid. The lingual anterior cingulum is faintly developed. The metalophid is long and transverse, and connects anterior to the protoconid. The entolophid is basically transverse and is not aligned with the posterior arm of the protoconid. The major flexids are wide. Cusps are more distinct and less lophate than in S. minor and advanced species such as S. curtisi and S. hispidus. From observation with a light microscope, the enamel cusp walls are undifferentiated.
M3.-The hypocone of an unworn right M3, FHSM VP 15452, is small relative to the size of the protocone. Hypoflexus and mesoflexus are widely connected. The paraloph is connected anteriorly to the protocone. Hypoflexus and mesoflexus are widely connected. The metaloph is connected to the hypocone. The anteroloph and posteroloph are small.
M1.-The occlusal pattern of FHSM VP 15453, LM1, is obliterated, but a distinct buccal rootlet is present, just slightly posterior of center (under the entoconid).
The Sigmodon minor Lineage Sigmodon cf. minor Gidley, 1922 ( Description.-Lower molars.-The occlusal morphology of molars from Ripley B is more lophate than in the cotton rat molars from Fallen Angel B. Only 2 m1s have been recovered, and in both the anteroconid is broken and undiagnosable. The reentrant folds are deep and slightly narrow as compared with those from Fallen Angel B molars. The mesoflexid is wider in m1 than in m2. The cusps are only slightly negatively differentiated. The anterior cusp walls of m2 are slightly more oblique anteriorly than these walls are in m1 and m3. The metalophid is long and transverse, and connects just anterior to the protoconid. The entolophid is transverse and is not aligned with the posterior arm of the protoconid. In m2 and m3 the lingual and buccal anterior cingula are present; the former is small and the latter is usually well developed. The m2 and m3 have 2 roots.
Upper molars.-Individual cusps are more bulbous (the plesiomorphic condition) than in later samples of S. minor. The buccal and lingual reentrant folds are relatively wide. The posterior cusp walls are mostly vertical. The anterocone of M1 is bilobed, with the lingual cusp slightly larger than the buccal cusp. The anterior face of the anterocone is relatively flat (not expanded anteriorly). The M1 has a distinct buccal rootlet under the entoconid. The paraloph is not aligned with the anterior arm of the hypocone in all uppers. A small posteroloph is present in unworn teeth. The hypocone of M3 is small relative to the size of the protocone. Hypoflexus and mesoflexus are connected, but the latter is narrower than in the Fallen Angel B Sigmodon. The paraloph is connected anteriorly to the protocone. The metaloph is connected to the hypocone. The anteroloph and posteroloph are small. The enamel is slightly positively differentiated in all uppers.
Sigmodon minor /medius ( Description.-We can recognize microevolutionary changes in the dentition of S. m. /medius from older through younger local faunas. Therefore, the following description will include summaries of those changes, many of which are presented in the tables.
In general, the overall pattern of S. m. /medius is more lophodont than that of S. cf. minor from Ripley B. The cusps become progressively more compressed anterior-posteriorly, and the reentrant folds become narrower. The anterior walls of the cusps in the lower and posterior walls in the upper molars are more oblique than those in Ripley B, which makes it impossible to see the bottom of the reentrant folds from occlusal view. The anteroconid in embryonic and juvenile m1s is a transverse crest rather than a set of distinct cusps, and the anterolophulid is split and attached to the buccal and lingual extremes of the crest. The earliest samples of S. m. /medius display a combination of 2 and 3 roots on m2, whereas later samples have only 3 roots.
Sigmodon minor /minor (Fig. 3) Local fauna and age.-Borchers, Margaret 1, Not from Nash; latest Blancan. Stratigraphic position.-Slightly below to slightly above Huckleberry Ridge ash, dated at 2.10 mya (Izett and Honey 1995;  Fig. 1) .
Description.-The dental morphology of S. m. /minor can be considered simply as the extreme end of the S. minor morphochronocline. In S. m. /minor we see the most advanced molars in the species, with compressed and oblique cusps and narrow reentrants. Progressive lophodonty has all but obliterated the original cusp pattern. Enamel differentiation has progressed in the Borchers population to the point that in some specimens no enamel is observed under the light microscope on the anterior cusp walls in the upper and posterior cusp walls in the lower molars. S. m. /minor is recognized as a distinct chronomorph because of its combination of extreme morphology and the significant dwarfing that characterizes the Borchers population at the end of the Pliocene. Further illustration and discussion of S. m. /minor dental morphology can be found in Martin (1979) .
A Primitive Early Blancan Immigrant
Sigmodon holocuspis (Czaplewski, 1987) ( Description.-Lower molars.-The occlusal morphology of molars from Raptor 1C and University of Kansas Loc. 22 is more lophate than in the cotton rat molars from Fallen Angel B. The reentrant folds are deep and slightly narrow as compared with those from Fallen Angel B molars. The hypoflexid is wider in m1 than in m2. The cusps are only slightly negatively differentiated. The anterior cusp walls of m2 are slightly more oblique anteriorly than these walls are in m1 and m3. The metalophid is long and transverse and connects anterior to the protoconid. The entolophid is transverse and is not aligned with the posterior arm of the protoconid. The anteroconid in embryonic or juvenile m1s is either bilobed or composed of at least 2 crests with a variable number of cuspids. The lingual lobe is always better developed than the buccal lobe. In these ontogenetically young teeth, the anterolophulid splits to connect with the 2 sections of the anteroconid. A variably developed buccal anterior cingulum is always present on m1. In m2 and m3, the lingual and buccal anterior cingula are present; the former is small and the latter is usually well developed. In m3, the buccal anterior cingulum extends around the protoconid, merging with the cingulum in the hypoflexid. The m2 and m3 have 2 roots. The molars are considerably larger than those from Fallen Angel B and Ripley B.
Upper molars.-Individual cusps have approximately the same form as those in S. cf minor from Ripley B. They are not compressed as in later samples of Sigmodon. The posterior cusp walls are mostly vertical. The buccal reentrant folds of M1 are wider than those in S. minor. A mesoloph is present in M1, which shifts the transverse connection between the paraloph and the anterior arm of the hypocone slightly anteriorly. The anterocone of M1 is bilobed, with the lingual cusp slightly larger than the buccal cusp. The anterior face of the anterocone may be either flat or somewhat expanded anteriorly. The M1 has a distinct buccal rootlet under the entoconid. The paraloph is not aligned with the anterior arm of the hypocone in the uppers. A small posteroloph is present in unworn teeth. The mean length to width ratio of M3 is greater in S. holocuspis than in the Fallen Angel B Sigmodon or in S. minor. The paraflexus in M3 is wider than in older samples of Sigmodon from the Meade Basin. The hypoflexus and mesoflexus are connected in M3, but the mesoflexus is narrower than in the Fallen Angel B Sigmodon. The paraloph in M3 is either connected to the protocone and hypocone or only connected to the hypocone. The metaloph is connected to the hypocone. The posteroloph of M3 is small. The enamel is slightly positively differentiated in all uppers.
Pleistocene and Holocene Cotton Rats
Sigmodon curtisi Gidley, 1922 ( Fig. 3) Local fauna and age.-Short Haul, Aries A, Aries NE, Aries B; early Irvingtonian (early Pleistocene). Description.-A number of late Blancan and early Irvingtonian cotton rat species are in need of further study and comparison, including S. curtisi Gidley, 1922 , S. hudspethensis Strain, 1966 , and S. lindsayi Martin and Prince, 1989 . Indeed, even the various populations referred to S. curtisi, from Florida and elsewhere (e.g., Martin 1979), should be reexamined in light of the more refined morphological criteria we have used here. Our comments on the dental anatomy of S. curtisi should, therefore, not be considered definitive, and are based on published information and the limited numbers we have available from Pleistocene localities in the northern Borchers badlands of the Meade Basin .
Molars of S. curtisi from the Meade Basin demonstrate a general pattern similar to that of S. minor, with very compressed and oblique cusps that wear into an advanced, lophodont pattern, and very narrow reentrants. S. curtisi is distinguished from S. minor by its much larger and more hypsodont molars, and the presence of a large 3rd buccal root on m1.
Sigmodon hispidus Say and Ord, 1825
No fossil cotton rats have been recovered from the numerous Rancholabrean localities in the Meade Basin above Aries NE . We tentatively assume that S. hispidus entered the Meade Basin during the Holocene, although the presence of S. hispidus in the Rancholabrean Sandahl l.f. of central Kansas (Semken 1966 ) suggests that we may eventually recover this species as additional Rancholabrean sites are discovered. Molars of S. hispidus are among the largest and most hypsodont of living and extinct species (Martin 1979) , and the 1st lower molars have a stable, small 4th lingual rootlet.
MORPHOMETRY
Size analysis.-Appendix I shows the summary statistics on the length, width, surface area (length Â width) and length to width ratio for each molar and assemblage in stratigraphic order. Results of all 1-way ANOVAs for measurements by localities were significant (P , 0.01). Results of the Hochberg GT2 test identify the specific significantly different means in Table 1 . These results indicate that there is a general trend of decreasing size in the S. minor lineage. Although the trend occurs in each tooth, the decrease in size is more evident in M1 and m1. Therefore, we can conclude that in general in the S. minor lineage there is a trend toward relatively smaller 1st molars.
Two samples from the S. minor lineage are somewhat unusual. The material from Wendell Fox Pasture is among the largest recorded for S. minor in the Meade Basin. This is especially true for the M2, which is significantly larger than M2 from other assemblages of S. m. /medius. This size difference also was observed by Martin (1979) . Because the material is sparse and the precise stratigraphic position of the Wendell Fox Pasture quarry is uncertain, we now prefer to maintain this sample in S. m. /medius because, as will be shown below, there are no morphological differences from other samples of this chronomorph.
The 2nd sample that shows a peculiar size distribution is from Ripley B. The 1st and 2nd upper and lower molars have size ranges similar to those of S. m. /medius, whereas the 3rd molars are relatively small, approximating that of S. m. /minor. This difference could indicate that small 3rd molars are primitive for this lineage, indicating a more complicated pattern of evolution than expected; the presence in the Meade Basin of a distinct lineage (not necessarily at the species level); or sampling bias. Because there are few cotton rat molars from Ripley B, we cannot currently determine which hypothesis is more likely Morphological analysis. -Tables 2 and 3 show character state distributions for the structures on each molar. The following patterns correspond to the changes from the Fallen Angel Sigmodon sp. through S. cf. minor from Ripley B and then through the S. m. /medius-S. m. /minor lineage: 1) reentrant folds change from wide to narrow; 2) the base of the major cusps evolves from a relatively symmetrical, conical shape to very compressed in an anteroposterior direction; 3) the anterior walls of the lower and posterior walls of the upper cusps change from a vertical to an oblique orientation; 4) enamel differentiation increases (from undifferentiated to negative, when using Martin's [1987] definition for arvicolines in which the enamel on the posterior faces of the cusps are thicker than the anterior faces of the lower molars and the reverse in the uppers); 5) a mesoloph on the upper molars is lost (present only in S. holocuspis from Raptor 1C); and 6) the paraloph on M3 shifts from an initial connection with the protocone to one with the hypocone. In S. m. /medius an intermediate condition is seen in some M3s, in which the paraloph is connected to both the protocone and the hypocone; 7) in M3 the paraflexus becomes the deepest reentrant as the mesoflexus shortens; 8) the posteroloph on upper molars is lost; 9) the posterior arm of the protoconid on the lower molars becomes aligned with the entolophid; and 10) the hypoflexid, originally less than onehalf the distance across the lower molars, extends well beyond the buccal half of the tooth. This is usually accompanied by a reduction in horizontal depth of the posteroflexid. The extreme of this condition can be seen in m2 of some modern S. leucotis, in which the posteroflexid is not apparent and the tooth develops a pattern similar to m3; 11) the paraloph on M1-M2 becomes aligned with the anterior arm of the hypocone; and 12) accessory rootlets are added on m1 and M1.
Although not quantified for this study, an increase in hypsodonty also characterizes dental evolution in Sigmodon (Czaplewski 1987; Martin 1986; Martin and Prince 1989) . Similar morphological shifts apparently also occurred in other cotton rat lineages, because all members of the extant hispidus species group as defined by Martin (1979) and redefined by Peppers et al. (2002) demonstrate hypsodont molars with oblique lophids defining narrow reentrant folds. These changes are very clear, and at least within the confines of the Meade Basin the various samples and species of Sigmodon can be used effectively as index taxa. The PCA on the average morphology values (Table 4 ; Fig. 6 ) identifies 3 morphological groups. The 1st is the Raptor 1C sample, which demonstrates the most primitive morphology (S. holocuspis). A 2nd group is formed by the samples of Sigmodon assigned to S. m. /medius and the sample from Ripley B considered as S. cf. minor. Although these samples are morphologically homogeneous, they express slight differences that correlate with their stratigraphic position (see below). The 3rd group includes S. m. /minor and S. curtisi. The latter samples have similar advanced dental morphological states, but there are significant differences in size, and they attained these similarities through parallel evolution from different ancestors. The PCA on the individual specimen morphology values illustrates the sample variability, an approximation of the total morphospace for each sample (Fig. 6) . The PCA on both the specimen morphology values and the assemblage morphology values further confirms the results from Tables 2 and 3, indicating that there is more or less continuous change in dental morphology, toward a simpler tooth pattern that approximately correlates with the stratigraphic position of the samples; the older the sample, the more primitive (complex) the morphology. The only sample that does not follow this pattern is S. holocuspis from Raptor 1C. This sample has the most primitive molar pattern among all the Sigmodon material recorded from the Meade Basin, but it is not the stratigraphically oldest. The combination of large size and primitive dental morphology, in a period where other Sigmodon assemblages such as Ripley B include samples at smaller size and with a more advanced morphology, indicates that S. holocuspis is independent of the S. minor lineage and must be an immigrant to the basin. These results also further support Martin's (1979) hypothesis of phyletic evolution from S. m. /medius to S. m. /minor. However, with the addition of new samples in the S. minor sequence, the distinction between S. m. /medius and S. m. /minor becomes less apparent, suggesting instead a more gradual diminution of size and change in morphology consistent with a chronomorphocline.
DISCUSSION
Chronology of cotton rat appearances and the HemphillianBlancan boundary.-The earliest cotton rats recognized in the fossil record are from the Yepómera and Rancho El Ocote l.f.s of Mexico and the Argonaut and Fallen Angel B l.f.s of southwestern Kansas (Carranza-Castañeda and Walton 1992; Lindsay and Jacobs 1985; Martin et al. 2000) . Radiometric dates ranging from 3.2 to 4.8 mya were generated from ashes overlying the Yepómera deposits (Lindsay et al. 2002) and a 4.6-mya radiometric date was determined from an ash in a limited section that produced the Rancho El Ocote l.f. No ashes directly overlie the early Pliocene Kansas faunas, but on the presence of the primitive arvicoline Ogmodontomys sawrockensis in both Argonaut and Fallen Angel, these faunas are considered to be earliest Blancan rather than Hemphillian. This is based on the assumption that early Ophiomys and Ogmodontomys immigrated to North America across Beringia subsequent to about 4.98-5.00 mya and can therefore be used as index taxa to define the Blancan (Lindsay et al. 2002 -they use the European Mimomys for both early Ogmodontomys and Ophiomys in North America). (The additional use of Nebraskomys for this purpose as mentioned by Lindsay et al. [2002] is in error. The earliest record of Nebraskomys in North America is from Bender 1c in the Meade Basin of Kansas [Martin et al. 2002b ]. Bender 1c is reported to have normally magnetized sediments and is interpreted to have been deposited during the Gauss chron [Lindsay et al. 1975] . Nebraskomys has a very simple dentition and may have evolved directly from North American Promimomys.) Following the definition of the Hemphillian-Blancan boundary provided by Lindsay et al. (2002) , the Rancho El Ocote l.f. is early Blancan, not Hemphillian as reported by Carranza-Castañeda and Walton (1992) .
The Argonaut and Fallen Angel B l.f.s of southwestern Kansas are part of a recently studied sequence of superposed early Blancan localities and their complete rodent faunas will be described in the near future. Stratigraphically, they sit above Hibbard's classic SRC l.f. and our SRC 1 l.f. (Hibbard 1953; Martin et al. 2000) , which lack cotton rats. Based on the presence of a primitive species of Ogmodontomys, a presumed early Blancan immigrant, SRC is also now considered to represent earliest Blancan time. Further refinement makes use of some biostratigraphic information from outside of Kansas. Czaplewski (1990) reported Ogmodontomys poaphagus from House Mountain locality 319 of the Verde Formation in Arizona. Paleomagnetic correlations from the Verde Formation constrain locality 319 to deposition within the 1st reversed polarity interval (C3n.1r) of the Gilbert chron, between about 4.3 and 4.5 mya. For reasons outlined by Martin et al. (2000) , the Ogmodontomys from Loc. 319 is not likely to be O. poaphagus, but rather a sister species. Nevertheless, it, as well as O. poaphagus, are morphologically advanced over O. sawrockensis, and it seems reasonable to assume on this basis that both the Argonaut and Fallen Angel B l.f.s were deposited earlier than House Mountain Loc. 319. These suggestions limit the deposition of Argonaut and Fallen Angel B to a time between about 4.5 and 5.0 mya. The early Blancan Concha l.f. is considered here to be approximately the same age as House Mountain Loc. 319.
Sigmodon holocuspis was described by Czaplewski (1987) from House Mountain Loc. 318, which lies above Loc. 319, also within the Gauss chron, perhaps deposited between about 4.1 and 4.3 mya. S. holocuspis also has been recovered from the Raptor 1C and Keefe Canyon l.f.s in Kansas and, therefore, these sites are tentatively correlated with Loc. 318. Ripley B lies stratigraphically below Raptor 1C and above both Fox Canyon and Fallen Angel B, and may have been deposited between about 4.3 and 4.5 mya. Until additional magnetostratigraphic work is completed in the Meade Basin these dates must be considered tentative, but for now they provide a working hypothesis that allows for further consideration of cotton rat evolution and dispersal patterns.
A summary of cotton rat dispersal in the Meade Basin, and speculation on the relationships and extinction of S. minor.-Five cotton rat immigration events are recorded in the Meade Basin. The earliest record (lowest stratigraphic datum) is from the early Blancan Argonaut and Fallen Angel B l.f.s. The cotton rat from these faunas is a small, primitive species, but the few molars recovered do not allow a positive species reference. Cotton rats are absent from the Fox Canyon l.f. The next youngest record, from Ripley B, probably represents the earliest appearance in the basin of the S. minor lineage. This lineage is interrupted by the presence of S. holocuspis in the younger Raptor 1C and Keefe Canyon l.f.s. This is followed by a period of time during the early Blancan in which no cotton rats are in the Meade Basin, represented by such faunas as Wiens, Vasquez, and Hornet. A more advanced form of S. minor appears again in the Bender l.f., and this species persists through the late Blancan, when it undergoes a brief dwarfing event during Borchers time, just before its extinction. No cotton rats are found in the Nash 72 l.f., believed to have been deposited at the beginning of the Pleistocene Epoch and Irvingtonian North American Land Mammal ''Age'' around 1.8 mya. A larger species, S. curtisi, appears just above Nash 72 in the Short Haul l.f. and is also found in the superposed early Irvingtonian Aries A and Aries NE l.f.s ). This appearance is considered to be a significant early Pleistocene immigration event, although it apparently occurred after the lowest stratigraphic datum for Microtus in the basin. The rich Cudahy l.f., located just beneath the Lava Creek B ash dated at 0.67 mya, has no cotton rats, and none are found either in the Meade Basin Rancholabrean l.f.s. The final immigration event is represented by the modern S. hispidus, which appears to have entered the Meade Basin during the Holocene Epoch.
These patterns, in concert with our data on morphological change and recent discoveries in other basins (e.g., Verde, Rancho El Ocote, and Yepómera), suggest that S. minor, rather than being ancestral to later cotton rats as previously proposed (Martin 1979) , instead was a persistent Blancan side-branch that produced no new species and remained small (although not in evolutionary stasis), becoming extinct in southwestern Kansas near the Pliocene-Pleistocene boundary. The Meade Basin sequence suggests that the culprit in this extinction was a combination of climate and habitat modification. If competition was a factor at all, it occurred very briefly in time and was not likely with other cotton rats. The evolution toward small size in S. minor was not, at least in the Meade Basin, accompanied by the presence of a more advanced cotton rat. Larger cotton rat species, such as S. holocuspis at Raptor 1C and S. curtisi at Short Haul, have not been recorded from the same deposits as the small ones. Perhaps most telling in this regard is the absence of cotton rats from Nash 72, a site that lies very close to the Pliocene-Pleistocene boundary and that occurs in time very close to the initial immigration of Microtus into the Meade Basin. The smallest S. minor from the Meade Basin is very abundant in the Borchers l.f., which sits directly on the Huckleberry Ridge ash at 2.10 mya . This fauna also includes the last record in the Meade Basin of the giant tortoise Geochelone, a species that would not likely tolerate the seasonal environment indicated by Microtus and other species in the Nash 72 l.f. Despite a reasonably rich microfauna, no Sigmodon have been recovered from Nash 72 (excavated from the same outcrops in the Borchers Badlands that produced the Borchers l.f.). The next record is of the much larger and dentally advanced S. curtisi from Short Haul. Although it remains possible that a very brief, currently unrecorded competitive encounter with Microtus contributed to the demise of S. minor, the most parsimonious explanation consistent with available data is that the extinction of S. minor was caused primarily by environmental change at the beginning of the Pleistocene.
The origin of modern cotton rats.-A recent paper on molecular systematics of Sigmodon provides a good starting point for a discussion of the overall evolution of extant cotton rats. Peppers et al. (2002) proposed a phylogenetic relationship among 11 species of extant cotton rats based on nucleotide variation in the mitochondrial cytochrome-b gene. They recognized 3 species groups: the hispidus group, composed of S. alleni, S. hirsutus, S. hispidus, S. mascotensis, S. ochrognathus, and S. toltecus; the fulviventer group, including S. leucotis, S. fulviventer, and S. peruanus; and the alstoni group, with only S. alstoni. These groupings differ somewhat from those suggested by Martin (1979) based on dental morphology, and provide an opportunity to test the congruence of molecular and morphological data. Martin (1979) proposed 3 species groups based on the number of roots on m1, but had S. fulviventer with S. hispidus (4 roots) and S. alstoni with S. peruanus (3 roots). The extinct S. minor (¼ S. medius), with 2 roots on m1, formed its own group. The fossil record of cotton rats shows that accessory roots were added through time. Accessory roots are absent from m1 in the earliest cotton rats S. chihuahuaensis, S. oroscoi, and S. ferrusquiai (Carranza-Castañeda and Walton 1992; Jacobs and Lindsay 1981; Lindsay and Jacobs 1985) . A small accessory root is occasionally present on the m1 in S. minor, but may be centrally rather than bucally located. The extinct S. hudspethensis, S. curtisi, S. libitinus, S. holocuspis, and S. lindsayi and the extant S. leucotis, S. peruanus, and S. alstoni most commonly have 3 well-developed roots on m1, and a 4th, lingual root appears occasionally in S. lindsayi, S. libitinus, and in samples referred to S. curtisi (Czaplewski 1987; Martin 1979 Martin , 1986 Martin and Prince 1989) . Members of the hispidus species group (of both Martin [1979] and Peppers et al. [2002] ) all have 4 roots on m1. The combination by Peppers et al. (2002) of S. fulviventer, a species with 4 roots on m1, with 2 species with 3 roots implies that 4 roots has evolved more than once in cotton rat history, perhaps for biomechanical reasons as the teeth increased in size. Given the new proposal by Peppers et al. (2002) , it would be useful to reexamine occlusal morphology within modern Sigmodon, because we now have many more occlusal characters to examine than were studied by Martin (1979) . Although we are not now in a position to assess the relationships of S. fulviventer, the independent origin of 4 roots on m1 in the extinct S. bakeri, a species that cannot be ancestral to later hispidus group species, lends at least circumstantial evidence to the possibility that 4 roots on m1 may have appeared a number of times in different cotton rat clades. S. bakeri was recovered from the Coleman 2A l.f., middle Pleistocene of Florida (Martin 1974 (Martin , 1979 . This species may have branched off from S. libitinus, a species with both 3 and 4 roots on m1, known from the early Pleistocene Haile 16A l.f., also of Florida (Martin 1995) . Morgan and Hulbert (1995) suggested that Coleman 2A was deposited between about 0.3 and 0.6 mya and Haile 16A between 1.3 and 1.6 mya. S. bakeri is the earliest known cotton rat in the fossil record in which all recovered molars have 4 roots on m1. However, it is a specialized species in which the anterior cingulum was lost from m2-m3, and thus it cannot be ancestral to later hispidus group species, which retain this cingulum. Therefore, either S. libitinus was ancestral to all later cotton rat species with 4 roots on m1 (a possibility we consider unlikely, primarily because, according to Martin [1979] , the anterior cingulum [¼ anterolophid] on m2-m3 is reduced in some individuals of S. libitinus), or 4 roots evolved independently in various cotton rat species groups.
Based on an average of 3.5% rate of molecular evolution in the rodent cytochrome-b gene and using Irenomys and S. alstoni for comparison, Peppers et al. (2002) estimated a time of origin for Sigmodon at 6.91 mya. They also summarized other molecular studies, concluding that these studies supported an origin for Sigmodon between 7 and 12 mya. Additionally, Peppers et al. (2002) suggested that the hispidus species group (as they define it) originated about 4.0 mya, probably in Mexico. The estimate of 7-12 mya for the origin of Sigmodon seems excessive, unless we embrace a genetic rather than morphologic definition for the genus. Based upon evidence from the fossil record and rates of change extrapolated from this record, we suspect that the ancestry of Sigmodon is no more than 7.0 mya, and could be closer to 5.0 mya. Muroid rodent molars with a Sigmodon-like pattern have not been reported from assemblages older than those noted above. After reviewing the late Miocene North American fossil sigmodontines, Baskin (1986) concluded that the entire radiation of South American sigmodontines could have taken place in the last 2.5-3.5 million years, subsequent to the connection of North and South America by the Panamanian land bridge. Although Baskin (1986) may be correct that the South American sigmodontines evolved in less than 3.5 million years, the presence in North America of a variety of Bensonomys species (closely related to the extant South American Calomys) in late Miocene and early Pliocene deposits suggests that the initial radiation of the direct ancestors to South American sigmodontines began before the bridge opened, in southern North America and possibly Central America (Baskin 1978 (Baskin , 1986 Carranza-Castañeda and Walton 1992; Lindsay and Jacobs 1985; Martin et al. 2002b) .
In order to use the fossil record to test the time estimate of Peppers et al. (2002) for the origin of the hispidus species group, we need a morphological definition for the group. All are middle-to large-size species with advanced dentitions and 4 roots on m1. Assuming for the moment that the group is monophyletic, it seems reasonable that it cannot be older than its common ancestor with 3 or a combination of 3 and 4 roots on m1. The earliest middle-sized cotton rat in the fossil record is S. holocuspis from deposits in Arizona and Kansas tentatively correlated with each other at about 4.1-4.3 mya. This species combines a number of primitive dental features, including only 2 roots on m1, with the advanced condition of larger size. The next more advanced species is S. hudspethensis (Strain 1966) from the late Blancan of Texas. The Huckleberry Ridge ash at about 2.1 mya lies above deposits that produced S. hudspethensis (Lundelius et al. 1987) . S. hudspethensis, about the same size as S. holocuspis, is the 1st species with 3 roots on m1. Near the close of the Blancan, at the Pliocene-Pleistocene boundary, we record the presence of a number of middle-and large-sized cotton rat species, all with predominantly 3 but also occasionally with 4 roots on m1. These include S. curtisi from Inglis 1A and S. libitinus from Haile 16A in Florida and S. lindsayi from the Vallecito Creek l.f. of the Anza-Borrego Desert in southern California (Martin 1979; Martin and Prince 1989) . It seems likely that South American species such as S. alstoni and S. peruanus, as well as the North American S. leucotis, all with 3 roots on m1, split off from this radiation. At least based on this record, S. holocuspis could be considered the ultimate ancestor for all modern cotton rats, and S. hudspethensis would be the earliest species with 3 roots on m1 that could be ancestral to all later cotton rats in North America, including the hispidus species group. It seems likely that another species in Central America with 3 roots on m1 gave rise to the South American species S. alstoni and S. peruanus. The sediments that produced S. hudspethensis are probably not more than 2.5 million years old, and if we define membership in the hispidus species group partly by displaying the synapomorphy of 4 roots on m1, then origin of the hispidus species group could have been considerably later than the late Blancan Hudspeth l.f., because no early Pleistocene samples of a cotton rat m1 have an exclusively 4-rooted m1. In conclusion, based on the fossil record, the ancestry of the hispidus species group is probably no earlier than about 2.5 mya, but it may be much later, possibly less than 1.25 mya.
The competitive dynamic between S. hispidus and M. ochrogaster must be younger than 0.67 mya (Cudahy l.f.), because that is the earliest record in the Meade Basin of an archaic form of the latter species and there are no cotton rats in the basin at that time. It is conceivable that the present interaction between these species is considerably more recent, perhaps dating from the Holocene (,10,000 years ago), because cotton rats are absent from the known Rancholabrean (late Pleistocene) sites in the Basin .
Finally, as we begin to examine larger sets of dental characters in a detailed morphometric manner, we observe evolutionary changes that were not apparent with the simple length and width measurements reported by Martin (1979) . Directional trends are present in almost all characters (representing size and shape), corresponding to the patterns recognized previously by Martin (1993) in a variety of Cenozoic rodent taxa. The dense Meade Basin rodent record is beginning to reveal the dynamics of small-mammal morphological and community evolution on the Great Plains, and the initial picture is one of continual, somewhat stochastic change. In the near future we hope to be able to better test the potential correlation of these changes with climatic and biologic factors.
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